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Abstract 
The physical properties of soymilk gels acidified with glucono-δ-lactone (GDL) or cultures with 
varying exopolysaccharide (EPS) production capabilities (EXPRESS CN < YFL-903) were 
studied. The acidification time and final pH were controlled in all samples. Earlier gelation and 
higher gelation pH were induced using GDL. The rheological properties and size distribution of 
GDL gel were closer to those of the EXPRESS CN gel than YFL-903 gel. Better lubrication 
property in the mixed regime was found in culture acidified gels, with YFL-903 gel showing the 
best results. Firmness, adhesiveness and water holding capacity were higher in culture- induced 
gels than in the GDL gel. The microstructures of the gels were found to be similar, but the subtle 
stranded structure of the GDL gel seemed denser than the culture-induced gel. The results suggest 
that both acidification rate and EPS production should be considered when comparing GDL and 
culture-induced soymilk gels. 
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1. Introduction 1 
Soybean products are widely consumed worldwide, especially in East As ian countries. These 2 
products have received signif icant attention due to their rich nutritional profile and low cost 3 
(Nishinari, Fang, Guo, & Phillips, 2014). Soy yogurt is a lactic fermented product from soymilk. 4 
There is an increased interest in this product in both the academia and industry (Li et al., 2014). 5 
The texture of soy yogurt is found to be excessively compact, rigid, and rough, which greatly 6 
inhibited its commercialization. Much research has been focused on improving the texture of soy 7 
yogurt (Peng & Guo, 2015; Yang, Fu, & Li, 2012). In the meantime, much more research has also 8 
been focused on another soy product, tofu, which is a traditional soybean curd product and is 9 
popular in East and South East Asian countries (Campbell, Gu, Dewar, & Euston, 2009; 10 
Ringgenberg, Alexander, & Corredig, 2013; Tang, Chen, & Foegeding, 2011). Tofu is essentially a 11 
soy protein gel formed via the addition of a coagulant to soymilk, e.g., glucono-delta-lactone 12 
(GDL) or calcium sulfate.  13 
Both GDL coagulated tofu and culture fermented soy yogurt are acid-induced soy protein 14 
gels, and their formation mechanism should be similar. Formation of the gels is generally 15 
considered to occur via neutralization of negative charges on the denatured soy protein, which 16 
decreases electrostatic repulsion between protein complexes that results in aggregation (Peng et al., 17 
2015; Peng, Ren, & Guo, 2016). Therefore, one could assume that research results regarding GDL 18 
tofu are applicable in soy yogurt research. Moreover, GDL might also be used to simulate culture 19 
fermentation in order to avoid some difficulties related to starter bacteria in future research, such 20 
as variable activity and variations in bacteria type. GDL acidif ication is commonly used in cow 21 
milk to simulate culture fermentation (Lucey, Tamehana, Singh, & Munro, 1998). Whether or not 22 
GDL acidification is comparable with culture acidif ication in soymilk needs to be evaluated. One 23 
publication reported the comparison between GDL and culture acidification in soymilk 24 
(Grygorczyk & Corredig, 2013). It was found that the final gel structure with two acidif ication 25 
modes were similar based on small oscillatory measurements, yield strain measurements, and 26 
confocal microscopy. However, the culture variety (e.g. exopolysaccharide [EPS] production 27 
capability), which has been shown to be an important factor determining the overall properties of 28 
yogurt gels (Tamime & Robinson, 1999) was not considered in that study. The acidification times 29 
for GDL and the culture were different, which resulted in very different acidification rates. Other 30 
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aspects like particle characteristics and tribological properties are closely related to the feel of the 31 
product when eaten (Ciron, Gee, Kelly, & Auty, 2010; Stokes, Boehm, & Baier, 2013), and these 32 
aspects were not evaluated.  33 
The aim of this study was to comprehensively evaluate the physical properties of soymilk 34 
gels acidified with GDL or cultures in terms of their textural, rheological, tribological, and 35 
microstructural properties. One should note that the textural properties were evaluated using 36 
instrumental methods. The gelation process was also followed by dynamic oscillatory rheological 37 
measurements. Two types of cultures with different EPS production levels were used to evaluate 38 
the effect of EPS on the gels.  39 
2. Materials and methods 40 
2.1. Soymilk gel preparation.  41 
Soy milk powder (SMP) (protein 39.7%, moisture 3.46%, carbohydrate 14.9%, fat 23.4%, 42 
acid 8.54% and others 10%) was kindly provided by Longwang Food (Heilongjiang, China). 43 
During the commercial production of SMP, the soymilk was heated at 135-140 ºC for 5 s for 44 
enzyme inactivation and followed by sterilization and concentration at 92-96 ºC before spray 45 
drying, without additional treatments. Reconstituted soymilk was prepared by dispersing 11.3 g 46 
SMP per 100 g final soymilk with distilled water under continuous stirring for 30 min. Lactose 47 
was added into soymilk at a concentration of 3% (w/w). The dispersions were stored at 4 ˚C 48 
overnight before use. The yielding protein concentration of the samples was ~4.47% (w/w), 49 
determined with Kjeldahl method after removing the sediment by centrifugation at 1600 g for 15 50 
min. The dispersions were then homogenized at 10,000 psi at room temperature, followed by 51 
heating at 95˚C for 10 min. The dispersions were cooled to ~40˚C immediately using cold water. A 52 
concentrated culture solution was made by adding the culture (mixture of Streptococcus 53 
thermophilus and Lactobacillus delbreuckii ssp. Bulgaricus: EXPRESS CN with low EPS 54 
production capability [134 mg/L] or YFL-903 with high EPS production capability [457 mg/L], 55 
Chr. Hansen, Shanghai, China) to a small amount of the heated soymilk (18 U/kg) and kept at 56 
40˚C for 30 min. Then either 1.675% (w/w) glucono-δ-lactone (GDL) (Sigma Chemical Co., St. 57 
Louis, USA) or ~0.6 U/kg culture from the concentrated culture solution was added to decrease 58 
the pH to 4.5 over 4 h at 40˚C. The amount of GDL or culture used was determined based on 59 
preliminary experiments. EPS quantification was conducted after fermentation by following the 60 
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method reported by Amatayakul, Halmos, Sherkat, & Shah (2006). A portion of sample was taken 61 
to monitor the pH change during acidif ication using a pH meter. The pH was recorded every 15 62 
min. A portion of the sample (~1200 μL) was drawn to perform dynamic oscillatory measurements 63 
in a three-stage process (acidif ication, cooling and annealing) as described below. The remaining 64 
sample was immediately transferred to a water bath at 40˚C for acidif ication. After 4 h (at pH 4.5), 65 
the samples were immediately cooled to ~10˚C and stored at 4˚C in an incubator for 48 h before 66 
measurement. 67 
2.2. Rheology 68 
2.2.1. Dynamic oscillatory rheological measurement  69 
Dynamic oscillatory rheological measurements were performed with a rheometer (HAAKE 70 
MARS III, ThermoFisher, Dreieich, Germany) with a concentric cylinder geometry, by following 71 
a method reported in the literature (Pang, Deeth, Prakash, & Bansal, 2016) with some 72 
modifications. Aliquots of the mixture solutions (~3.95 ml) were poured into the cylinder 73 
immediately after GDL or culture was added. Measurements were performed in a three-stage 74 
process and two independent repetitions were conducted for each sample:  75 
The acidification stage commenced at 40 ˚C for 4 h, promoting formation of the soymilk gel.  76 
The temperature was lowered from 40 to 4 ˚C at a constant rate of 1 ˚C/min during the cooling 77 
stage in order to imitate the cooling process during soy yogurt manufacture. Oscillatory tests were 78 
performed at 4 ˚C for 1 h to observe the maturation of the gels during the annealing stage. 79 
Preliminary strain sweep measurements at 1 Hz show that a strain of 0.5% was within the linear  80 
viscoelastic region for all samples. The gelation point was defined as the point where a sharp 81 
increase in G′ relative to the baseline was observed.  82 
2.2.2. Flow curve and frequency sweep 83 
The flow behavior and viscoelasticity of the gels were evaluated with a stress-controlled 84 
rheometer (Model DHR-1, TA Instruments, Elstree, UK) with cone plate geometry by following 85 
the procedure outlined by Pang et al. (2016). Briefly, the shear stress was recorded as the shear 86 
rate increased (upward flow curve; from 0 to 100 s
-1
), followed by decreasing shear rates 87 
(downward flow curve). The resulting downward flow curve was fitted to the Hershel-Bulkley 88 
model (Hassan, Ipsen, Janzen, & Qvist, 2003): 89 
σ = σ0 + K γ̇
n
 90 
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where σ is the shear stress, σ0 is the yield stress, K is the consistency index, n is the flow behavior 91 
index, and  γ̇ is the shear rate. Other parameters were obtained, including the area under the 92 
upward flow curve (Aup), difference in area under the two curves (ΔA), and the apparent viscosity 93 
(ηapp). Frequency sweeps were carried out by increasing the frequency from 0.01 to 10 Hz. The 94 
storage and loss moduli were recorded as functions of frequency. 95 
2.3. Particle size 96 
The size distribution of gel particles was characterized using a laser diffraction particle size 97 
analyzer (SALD-2300, Shimadzu Corporation, Japan) by following a procedure reported in the 98 
literature (Ciron et al., 2010) with some modifications. The refractive indices were taken to be 99 
1.45 for the sample and 1.33 for the dispersant (water). The gels (1 g) were dispersed gently in 10 100 
g distilled water by vortex oscillation for 15 s. The mixture was circulated in the sampling unit 101 
with water, and measurements were carried out at ambient temperature in triplicate. The 102 
volume-weighted mean diameter (D[4,3]) and the median diameter (D50) were determined and 103 
used to characterize the size of the gel particles. 104 
2.4. Tribology 105 
The lubrication properties of the samples were measured using full-ring-on-plate 106 
tribo-rheometry (Discovery Hybrid Rheometer, TA Instruments, Elstree, UK) on a rough plastic 107 
surface (3M Transpore Surgical Tape 1527-2, 3M Health Care, USA) by following a procedure 108 
from the literature (Nguyen, Bhandari, & Prakash, 2017) with some modifications. After each 109 
measurement, the tape was replaced and the tribo-rheometry device was cleaned and dried. 110 
Measurements were performed at 4 ˚C with a constant normal force of 1 N. A small amount of 111 
sample was used for each test, which was gently spread to completely cover the lower plate 112 
surface with approximately 2 mm thickness. The samples were equilibrated for 30 s before each 113 
measurement. The friction coefficient between the tribo-rheometry unit and the tape surfaces were 114 
recorded for rotational speeds ranging from 0.01 to 100 μs
-1
 with 10 points per decade.  115 
2.5. Instrumental texture analysis  116 
Texture profile analys is (TPA) was performed using a Brookfield CT3 texture analyzer 117 
(Brookfield, Middleboro, US) after the samples were stored at 4 ˚C for 48 h by following the 118 
procedure described by Pang, Deeth, Yang, Prakash, and Bansal (2017) with some modifications. 119 
The probe was cylindrical with a f lat base of 12.7 mm diameter and was operated at 0.5 mm/s. 120 
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The sample height was 30 mm in a 100 ml beaker with a flat base of ~55 mm diameter. Two 121 
compression cycles were applied to a sample depth of 10 mm. Firmness (N), adhesiveness (mJ), 122 
and cohesiveness (ratio) were quantified.  123 
2.6. Water holding capacity (WHC) 124 
WHC was determined after the samples were stored at 4 ˚C for 48 h by following a procedure 125 
reported in the literature (Pang et al., 2017) with modified centrifugal speed. The samples were 126 
centrifuged at 1000 g for 10 min at 4 ˚C. WHC is defined as follows:  127 
WHC (%) = 100 (Wt − Ws)/Wt 128 
where Wt is the total weight of the sample and Ws is the weight of the expelled serum. 129 
2.7. Microstructure 130 
The microstructure of the samples was examined using a scanning electron microscope 131 
(HITACHI, SU8180, Tokyo, Japan) with an attached cryo-preparation chamber. The sample (~1 132 
mm thickness) was removed from approximately 1 cm below the surface and mounted on an 133 
aluminum sample holder. The sample was then plunged into liquid nitrogen slush at −210 °C. The 134 
frozen sample was transferred into the cryo-preparation chamber and fractured using a cold 135 
scalpel blade at −140 °C. The fractured sample was then etched at −65 °C for 12 min. Thereafter, 136 
the sample was transferred into cold stage. Images were captured at 3.0 kV accelerating voltage. 137 
2.8. Statistical analysis 138 
Three independent repetitions were conducted for each sample unless otherwise stated. 139 
Minitab ver. 16 software (Minitab Inc., USA) was used to perform analysis of variance (ANOVA) 140 
and to test statistical significance (p < 0.05).  141 
3. Results and discussion 142 
3.1. pH profiles 143 
GDL was added to soymilk to reduce the pH to 4.5 over 4 h, which was equivalent to the 144 
time required for acidif ication with the culture. The pH change during acidification was monitored 145 
(Fig. 1A). The two types of cultures showed similar pH change profiles  throughout the 146 
acidif ication process, although the pH decrease was somewhat faster with EXPRESS CN than 147 
YFL-903. One should note that the EPS yield was measured at the end of fermentation under the 148 
same conditions as soy yogurt production in our study. The results show that 134 mg/L EPS was 149 
produced by EXPRESS CN, and 457 mg/L was produced by YFL-903. EPS production was 150 
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reported to effectively influence the properties of the fermented products (Mende, Rohm, & Jaros, 151 
2016). During the first 100 min, the pH decrease caused by GDL was faster than both cultures due 152 
to fast hydrolysis of GDL. Similar results were reported in soymilk and cow milk gels (Lucey et 153 
al., 1998; Grygorczyk & Corredig, 2013). The pH decrease caused by the culture in this study did 154 
not show an apparent initial lag phase, which was reported in a previous study on soymilk 155 
fermentation (Grygorczyk et al., 2013).The difference might be related to the culture inoculation 156 
methods in this study. The culture was added from the concentrated culture solution, which had 157 
been incubated at 40 °C for 30 min. In addition, lactose deficiency in soymilk has been reported to 158 
cause slow acid production during fermentation (Donkor, Henriksson, Vasiljevic, & Shah, 2005). 159 
In our study, an equivalent amount of lactose as cow milk was added during sample preparation, 160 
which could shorten or cut the initial lag phase at the beginning of fermentation. Different bacteria 161 
strains could also induce different pH profiles during fermentation. After ~100 min, GDL 162 
hydrolysis reached equilibrium and the acidif ication rate slowed down; the pH change nearly 163 
coincided with the cultures after 150 min. The pH of the gels after 48h storage was also checked 164 
(results not shown). The pH of the GDL gel was found to be stable and kept at ~ 4.5; the pH of the 165 
culture- induced gels decreased slightly to ~ 4.46. 166 
3.2. Dynamic oscillatory rheological characteristics 167 
Development of the gel network during acidification, cooling, and annealing was followed by 168 
rheology, which mimicked the entire process of soy yogurt manufacturing (fermentation, cooling, 169 
storage and consumption). Fig. 1 shows changes in the elastic modulus (G′) of the soymilk gels 170 
induced by GDL or culture. G′ for soymilk showed a steep increase after a certain time during 171 
acidif ication, indicating gelation occurred. It was reported that the sudden increase in G′ occurs 172 
around the isoelectric point of soy proteins (Grygorczyk et al., 2013) and the 11S protein 173 
precipitates earlier than 7S (Kohyama, & Nishinari, 1993). The soy protein gelation process is 174 
generally considered to follow two steps. First, protein is denatured by heat treatment and the 175 
hydrophobic regions of the protein molecules are exposed to the environment. The pH decreases 176 
in the second step, the net charge of the protein is neutralized, and hydrophobicity dominates and 177 
causes aggregation (Kohyama, Sano, & Doi, 1995). One can see that GDL induced the earliest 178 
gelation time (~21 min), while YFL-903 induced the latest gelation time (~63 min). These results 179 
agree with the pH change profiles during the initial stage, where the pH decrease was fastest with 180 
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GDL and slowest with YFL-903. Therefore, longer gelation time was required for culture acidif ied 181 
gels than the GDL ac idif ied gel. Furthermore, the gelation time is related to the pH profile and the 182 
gelation pH for the three gels were around 5.8 for GDL, 5.6 for EXPRESS CN, and 5.4 for 183 
YFL-903. The lower gelation pH for culture-induced gels might be due to substances introduced 184 
by bacteria. Similar gelation pH by GDL acidif ication was also reported by Grygorczyk et al. 185 
(2013). Nevertheless, G′ reached similar values for all samples with the same pH at the end of 186 
acidif ication. Similar results were observed in a previous study, although acidification times were 187 
different for GDL and culture (Grygorczyk et al., 2013). It seems that the final G′ value could be 188 
similar for GDL and culture acidif ication over the long term when the final pH is the same, 189 
regardless of the pH change profile or acidif ication time. It was also reported that a different 190 
gelation rate of soymilk gel was induced after addition of different amounts of GDL. However, the 191 
G' values in gels at the same pH level were not different (Ringgenberg et al., 2013). 192 
During cooling, all gels exhibited an increased G′ value. Similar results were observed in 193 
milk gels (Pang et al., 2015). In milk gelling system, it has been reported that decreasing 194 
temperature could lead to a decreased number or strength of hydrophobic bonds inside each 195 
protein particles (intraparticle), causing particles swelling and G′ increase (Lucey, van Vliet, 196 
Grolle, Geurts, & Walstra, 1997). Similar effect could occur in soymilk gelling system. During the 197 
annealing stage, the G′ value for all the gels showed little change, and similar G′ values were 198 
observed in the GDL and EXPRESS CN gels. A lower G′ value was observed in the gel acidif ied 199 
with YFL-903, which could be due to the EPS produced by bacteria, thus causing steric 200 
interference during network reinforcement. Phase separation was reported in a soy 201 
protein/galacomannans mixed network due to incompatibility between the two biopolymers 202 
(Monteiro & Lopes-da-Silva, 2017).  203 
In summary, acidifying soymilk with GDL or culture to pH 4.5 within the same time could 204 
induce different rates of pH decrease. Also, EPS produced by bacteria could cause interference 205 
during gel formation during acidification and rearrangement of the gel in the cooling and 206 
annealing stages. These two effects induce different gelation times and gelation pH values 207 
between the gels. The G′ values for the gels at the end of acidif ication were similar, reflecting the 208 
more pronounced influence of EPS during annealing and leading to a lower G′ value in the 209 
YFL-903 gel compared to those in the others. 210 
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3.3. Flow behavior and viscoelasticity  211 
The flow curves of soymilk gels acidif ied with GDL or culture are shown in Fig. 2. All three 212 
gels exhibit hysteresis loops and shear thinning (thixotropic) behavior, which was similar to cow 213 
milk yogurt (Pang et al., 2016). The YFL-903-induced gel exhibits higher shear stress than the 214 
other two gels, indicating higher shear resistance. Similar results were reported in cow milk, 215 
showing that milk fermented with EPS-producing strain exhibited higher shear resistance than 216 
milk fermented without EPS-producing strains (Girard & Schaffer-Lequart, 2007). One should 217 
note that a reproducible shear stress peak was observed at the very beginning of the flow curve 218 
(~4 s
-1
) for the GDL and EXPRESS CN- induced gels, which might suggest a change in the 219 
structural degradation mechanism (Hess, Roberts & Ziegler, 1997). A continuous increase in shear 220 
stress followed, while the YFL-903-induced gel did not show this peak. Similar observations were 221 
reported in cow milk yogurt with gelatin, showing that addition of gelatin removed the small shear 222 
stress peak from yogurt without a stabilizer (Pang et al., 2017). The signif icance of this peak and 223 
the mechanism behind this should be investigated further.  224 
The downward curves were fitted to the Herschel-Bulkley model, and the resulting model 225 
parameters are shown in Table 1. The experimental data exhibits a satisfactory fit to the model for 226 
all samples, with R
2
 values generally above 0.97 (data not shown). One can see that YFL-903 227 
induced the highest yield stress, indicating the highest shear stress required to force the gel to flow. 228 
The yield stress of EXPRESS CN and GDL acidif ied gels did not show any significant difference. 229 
The yield stress value did not correlate with G′ during the oscillatory measurements, in which the 230 
lowest G′ value was observed for the YFL-903 gels. This could be due to the different measuring 231 
modes. The yield stress is a destructive measurement, while measurement of G′ is non-destructive. 232 
It was reported that increasing the concentration of polysaccharides could increase the yield stress 233 
of yogurt (Harte, Clark, & Barbosa-Canovas, 2007). The consistency coefficient (K) was higher in 234 
gels acidif ied with EXPRESS CN or GDL than the gel acidif ied with YFL-903. Similar results 235 
were reported in cow milk yogurt fermented with and without EPS-producing cultures (Hess et al., 236 
1997). The flow index (n) is a measure of deviation from Newtonian flow in shear thinning fluids. 237 
The gels acidif ied with EXPRESS CN or GDL showed lower values than the gel ac idif ied with 238 
YFL-903, indicating better gel pseudoplasticity was induced by EXPRESS CN and GDL. A higher 239 
flow index was also observed in the cow milk yogurt fermented with EPS-producing cultures 240 
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compared to that fermented with a non-EPS-producing culture (Hess et al., 1997). The apparent 241 
viscosity (η50) of the yogurt was measured at a shear rate of 50 s
-1
, which was reported to be an 242 
effective oral shear rate (Marcotte, Taherian Hoshahili, & Ramaswamy, 2001). YFL-903- induced 243 
gel exhibits a higher η50 value than the other gels, and no signif icant difference was observed 244 
between gels acidified with EXPRESS CN and GDL. The relationship between EPS content and 245 
the apparent viscosity in the soymilk gels and cow milk yogurt was reported in the literature (Hess 246 
et al., 1997; Li et al., 2014). The area of the hysteresis loop (ΔA) was also calculated, which is an 247 
indication of structural breakdown (thixotropy) and network reconstruction during shearing. Gels 248 
acidif ied with either type of culture showed higher ΔA values than those acidified with GDL, 249 
indicating that the culture-induced gels were more susceptible to structural breakdown during 250 
application of shear stress, and restructuring of protein aggregates into a coherent network 251 
structure after shearing was more difficult in the culture- induced gel compared to that in the GDL 252 
gel (Amatayakul, Halmos, Sherkat, & Shah, 2006; Ares et al., 2007). This could be related to the 253 
entangled network formed by the EPS in the protein gels, which existed as an additional structure 254 
in the gels. Similar results were reported in the literature (Amatayakul, Halmos, Sherkat, & Shah, 255 
2006). No significant difference was observed between the gels acidified with EXPRESS CN and 256 
YFL-903, although cultures exhibited different EPS production capacity. 257 
The frequency dependence of yogurts can be determined by plotting G′ and G'' versus 258 
frequency on a dual logarithmic scale (Fig. 3). All yogurts exhibited viscoelastic characteristics, 259 
with G′ being higher than G'' over the entire frequency range. The slope of log (G') versus log 260 
(frequency) was found to be higher in the gel induced with GDL than that with culture, and the 261 
slope of log (G'') versus log (frequency) was higher for the GDL gel than the 262 
YFL-903-induced gel (Table 1), indicating that the modulus of the GDL-induced gel was more 263 
sensitive to frequency. The moduli at 1 Hz are shown in Table 1. The gel acidif ied with GDL 264 
showed higher G′ and G'' values than that acidif ied with YFL-903, indicating stronger yogurt gels 265 
were formed with GDL. This agrees with the rheological results obtained during annealing (Fig. 266 
1C).  267 
In summary, most of the rheological properties in the GDL and EXPRESS CN-induced gels 268 
were similar after 48 h of storage, except for ΔA, loss tangent (δ) at 1 Hz, and the slope of log (G') 269 
vs log (frequency), indicating that the GDL-induced soymilk gel was more similar to the gel 270 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
11 
 
fermented by culture with low EPS production capability. 271 
3.4. Instrumental texture analysis and Water holding capacity (WHC)  272 
Texture is one of the most important properties of yogurt as it directly affects its sensory 273 
perception during consumption. Water holding capacity is another important property that is 274 
related to the stability of the product during storage (Keogh & O'Kennedy, 1998). Table 2 shows 275 
the instrumental texture and WHC results of soymilk gels acidified with culture or GDL. The 276 
firmness and adhesiveness of the GDL-induced gel was significantly lower than the 277 
culture-induced gels (P < 0.05). This could be due to the starter bacteria or the EPS produced by 278 
the bacteria, causing a filler effect in the gels (Lucey et al., 1998). The addition of locust bean gum 279 
was reported to increase the firmness of soy protein isolate gels (Perrechil, Braga, & Cunha, 2013). 280 
The cohesiveness of the samples was not significantly different (P < 0.05). The results were not 281 
correlated well with the gel strength determined from rheology results. Poor correlation between 282 
mechanical properties at small strain and fracture properties at large deformation was reported in a 283 
previous publication (Beaulieu, Turgeon, & Doublier, 2001; Tang, Mccarthy, & Munro, 1995). 284 
The viscoelasticity determined from rheological measurements would be more related to the 285 
interaction between aggregates during oscillation (Hassan et al., 2003). The EPS produced by 286 
culture could interrupt the interaction between soy proteins, inducing lower G' values in the 287 
YFL-903-induced gel. On the other hand, the texture profile analysis is empirical and provides no 288 
information on the fundamental mechanical properties (Tang, Mccarthy, & Munro, 1995). The 289 
formation of an additional EPS network could yield a firmer gel. The gel microstructure and 290 
chemical bonds involved in gel formation were reported to have a different impact on the 291 
mechanical properties measured at small strain or at large deformation (Tang, Mccarthy, & Munro, 292 
1995). Further investigation should focus on exploring these differences. One should also note that 293 
extremely different firmness values could be obtained by different researchers due to the various 294 
experimental conditions, such as samples size and shape, type of compression probe, and extent of 295 
deformation, which makes a comparison of various results impossible (Pons & Fiszman, 2010). 296 
For example, Shen, De Man, Buzzell and De Man (1991) reported a gel with much higher 297 
firmness (around 200-400 g) than the value we measured. In their study, a penetration test was 298 
conducted with a curd knife instead of a cylindrical probe.  299 
According to the WHC results, the gels induced by culture showed higher WHC than that 300 
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induced by GDL, which should be related to their EPS production capacity. EPS-producing strains 301 
have been successfully used to increase the WHC of milk gels (Toba, Nakajima, Tobitani, & 302 
Adachi, 1990; Hassan, Frank, Schmidt, & Shalabi, 1996), although high WHC variations in yogurt 303 
fermented with EPS-producing cultures were observed (Doleyres, Schaub, & Lacroix, 2005).  Thus, 304 
the results of higher WHC in the EXPRESS CN-induced gel compared to that in the 305 
YFL-903-induced gel was not too surprising. This might also indicate that both the amount of EPS 306 
produced by the culture and the EPS characteristics might contribute to the WHC of soymilk gels. 307 
Therefore, the gels induced by GDL or culture were quite different in instrumental texture and 308 
WHC parameters. The EPS characteristics (e.g., polymer charge and gel forming ability) and the 309 
time scale of EPS production (i.e., before or after gelation onset) were reported to affect the 310 
microstructure and syneresis of the yogurt-like products (Mende, Rohm, & Jaros, 2016). Therefore, 311 
a more detailed investigation of the EPS produced by the two cultures should be conducted later in 312 
order to better understand the difference between GDL and culture-induced soymilk gels. 313 
3.5. Particle size distribution 314 
The particle size distribution in the gels was analyzed for its relation to texture perception, 315 
particularly the perception of creaminess of the product (Ciron et al., 2010). The particle size of 316 
the gels was characterized and the results are shown in Table 2 and Fig. 4. Similar particle sizes 317 
(D[4,3], D50) were observed in the GDL and EXPRESS CN gels, and the size of the gel particles 318 
was smaller in the YFL-903-induced gel. Fig. 4 shows the particle size distribution in gels 319 
acidif ied with GDL or culture. One can see that the particle size distributions in soymilk gels 320 
acidif ied with GDL or EXPRESS CN are similar, which were characterized as a major mode 321 
distribution with particle diameters ranging from 7 to 113 μm and a small inflection at a smaller  322 
particle diameter (~10 μm). The gel induced by YFL-903 showed a bimodal distribution with 323 
diameter ranging from 6 to 11 μm and from 11 to 49 μm. The small inflection in the GDL or 324 
EXPRESS CN gel and the significant peak in the YFL-903 gel at approximately 10 μm diameter 325 
could be attributed to the small aggregates formed by the soy protein subunits. Interference during 326 
gel formation could be more severe when more EPS is produced in the YFL-903 gel, resulting in 327 
more small aggregates. It was reported that soy protein subunits provide a different contribution to 328 
gel formation (Poysa, Woodrow, & Yu, 2006). It was reported that protein particle sizes should 329 
range from 40 nm to 200 nm, and oil droplet sizes should range from 0.1 μm to 10 μm in low heat 330 
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soymilk (Nik, Tosh, Woodrow, Poysa, & Corredig, 2009). Much larger particle sizes were 331 
observed in the present study due to heat treatment and gelation. A combination of heat treatment 332 
and homogenization results in a size distribution range of soymilk of approximately 1-100 μm, 333 
and the presence of the large particles was attributed to the large fiber structure (Sivanandan, 334 
Toledo, & Singh, 2010). They also suggested that a fat/protein complex formed during processing. 335 
It could be assumed that fat globules also became embedded in the protein matrix in our study, 336 
since both heat treatment and homogenization were conducted for the soymilk. The gel particles 337 
could be fat and soy protein joined together. Similar particle sizes were reported in cow milk 338 
yogurt (Ciron et al., 2010). 339 
3.6. Tribological properties 340 
The tribology profiles of the three gels were obtained from tribology measurements (Fig. 5), 341 
which allowed determination of friction in the soymilk gel systems. The friction of all the samples 342 
decreased with an initial increase in entrainment speed, which was defined as the mixed regime. It 343 
was reported that the decrease should be due to fluid entrainment promoted by sample viscosity 344 
(Godoi, Bhandari, & Prakash, 2017). Another study on agar hydrogels suggested that gel 345 
aggregates also enhance lubrication in this regime (Farres & Norton, 2015). The friction 346 
coefficient was lower for the culture- induced gels than the GDL-induced gel in the mixed regime, 347 
with the YFL-903-induced gel showing the lowest friction coefficient. This could be attributed to 348 
EPS produced by the culture. It was reported that certain polysaccharides enhanced lubrication by 349 
adsorption, yielding a hydrated, viscoelastic film (Selway & Stokes, 2013). In addition, the 350 
particle size distribution results show that the YFL-903-induced gel had smaller gel particles, 351 
which could be easier to entrain between the two contact surfaces and form a lubricant film. After 352 
the point of minimum friction coefficient, the lubrication behavior transited from the mixed 353 
regime to hydrodynamic regime, where the hydrodynamic film was fully created and effectively 354 
reduces friction. In this regime, friction is determined primarily by the viscosity of the samples 355 
(Selway et al., 2013). The GDL gel exhibited a regime transition at higher entrainment speed (~11 356 
mm/s) than the culture- induced gels (~9 mm/s and ~6 mm/s for EXPRESS CN and YFL-903, 357 
respectively), indicating that it was more difficult to form a lubricating film with the GDL-induced 358 
gel. In the hydrodynamic regime, the friction coefficient of the three gels increased with sliding 359 
speed and, the curves nearly overlapped during the later stage. The results seem contradictory 360 
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when compared with the rheological results, where YFL-903-induced gel showed higher viscosity 361 
than the other two gels. Similar observations were reported in custard (Selway et al., 2013). The 362 
rheological differences did not always account for the discrepancies in their tribological properties, 363 
and this was attributed to surface-related phenomena, e.g., wettability and adhes ion (Selway et al., 364 
2013). In our study, different cultures introduce different components into the systems, including 365 
EPS and different metabolites, which could result in different surface-related phenomena.  366 
3.7. Microstructure 367 
Fig. 6 shows the microstructure of the soymilk gels acidified with GDL or culture. The 368 
structure could be examined at two levels. The overall structure with large pores could be defined 369 
as the “secondary structure.” The subtle structure that formed the “wall” of the pores could be 370 
defined as the “primary structure.” It was reported that the acid-induced soy milk gel belongs to a 371 
particulate or particulate/stranded mixed structure, in which heat denatured protein particles 372 
accumulate or gather into highly branched clusters by hydrophobic coagulation, followed by 373 
crosslinking to form 3D network as pH decreases (Peng, Ren, & Guo, 2016; Kohyama et al., 374 
1995). One can see that all gels exhibit the porous, homogeneous secondary structure, with similar  375 
pore sizes (~5 μm). A denser protein network formed in the primary structure of the GDL-induced 376 
gel compared to that in the culture-induced gels. Fine strands can be seen in the GDL-induced gel 377 
and large aggregates were seen in the culture gels (Fig. 6), which might be due to EPS interference 378 
during gelation in the culture-induced gels.  379 
Thus, compared to the GDL-induced gel, the effect of culture on the gels could be attributed 380 
to both slow gelation and the effect of EPS on protein gelation. It is often considered that the 381 
slower gelation would lead to the formation of finer networks (Lucey et al., 1998). Soy protein 382 
aggregates form, and their size increases with a decrease in pH (Chen, Zhao, Niepceron, Nicolai, 383 
& Chassenieux, 2017). Therefore, the aggregates formed during the initial stage in the 384 
GDL-induced gel, where pH decreased faster than in the culture-induced gels, were expected to be 385 
larger. However, once the pH reached similar values in the later stage, network rearrangement 386 
could eliminate the size difference, as shown in Table 1 and Fig. 4 for the GDL-induced gel and 387 
EXPRESS CN-induced gel, and the final gel strength could reach similar levels.  388 
EPS was reported to exist in the pores in the gel network due to its incompatibility with 389 
protein aggregates (Hassan et al., 2003). Therefore, the influence of EPS on the protein gel 390 
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network should be separated into two stages. During acidification stage, the incompatibility 391 
between EPS and soy proteins may cause a phase separation, thereby interrupting formation and 392 
reinforcement of the gel network and causing retention of more proteins in the continuous phase. 393 
Therefore, lower gel strength (Table 1 and Fig. 1C), smaller particle size (Table 2 and Fig. 4), and 394 
a less dense “primary” microstructure (Fig. 6) could be induced. In the later stage, when the gel 395 
network formed and settled after a long storage time, e.g. 48 h, the EPS could positively influence 396 
the gel strength via the “filler effect”, which might enhance the texture and WHC. Therefore, the 397 
overall effect of EPS should be the balance between the two stages, which depends on the EPS 398 
characteristics. 399 
4. Conclusions 400 
A comprehensive study was conducted on the physical properties of soymilk gels induced by 401 
GDL or cultures with different EPS production capabilities. A faster pH decrease was induced by 402 
GDL during the early stage of acidif ication compared to that by cultures, leading to earlier  403 
gelation. However, it seems that this difference in acidif ication rate did not cause a severe 404 
difference in the strength or particle size of the gels, as long as the final pH was similar. However, 405 
EPS produced by culture bacteria probably has a more signif icant impact on the gels due to its 406 
incompatibility with soy proteins and “filler effect.” The lubrication properties of gels could be 407 
efficiently improved with an EPS-producing culture. In addition, the culture bacteria and other 408 
metabolites could also affect the gel properties. Therefore, the rheological properties and particle 409 
size in the GDL-induced soymilk gel were comparable to those of fermented gels made by using 410 
cultures that produce less EPS or no EPS at all. Otherwise, the culture bacteria and its metabolites 411 
should be considered. In other words, GDL could be used as a simplif ied and more controlled 412 
fermentation model in the study or development of soy yogurt, especially for cultures that produce 413 
little or no EPS. However, some specific properties must be considered, e.g., lubrication. In 414 
addition, sensory evaluation of the textural properties could be conducted in future research for a 415 
more comprehensive comparison.  416 
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Table 1. Rheological parameters from flow curve and frequency sweep of soymilk gels 548 
acidified by GDL and culture 549 
a,b
Means are compared only within a row; mean values with different letters are signif icantly 550 
different (P < 0.05). 551 
 552 
Table 2. Texture parameters, water holding capacity (WHC) and particle size of soymilk gels 553 
acidified by GDL and culture 554 
Samples WHC (%) Firmness (N) Adhesiveness (mJ) Cohesiveness D[4,3] (µm) D50, (µm) 
EXPRESS CN 96.55±0.64a 0.24±0.01a 0.43±0.12a 0.45±0.03a 20.28±1.30a 20.38±1.21a 
YFL903 94.7±0.28b 0.26±0.01a 0.36±0.03a 0.47±0.01a 16.38±0.18b 16.75±0.07b 
GDL 90.97±0.29c 0.20±0.01b 0.17±0.01b 0.41±0.01a 21.45±1.03a 21.39±0.94a 
a,b,c
Means are compared only within a column; mean values with different letters are signif icantly 555 
different (P < 0.05) 556 
 557 
Figure 1. Changes in G′ (closed symbol) of soy milk gels acidified with GDL or culture during the 558 
four stages: A. acidification at 40 ˚C, B. cooling from 40 to 4 ˚C, C. annealing at 4 ˚C; and the pH 559 
change (open symbol) of the soy milk gels during acidification (A).  560 
Figure 2. Flow curves of soy milk gels acidified with GDL or culture at 4 °C. Shear rate was first 561 
increased (closed symbol) and then decreased (open symbol). 562 
Figure 3. Frequency sweeps of soy milk gels acidif ied with GDL or culture at 4 °C (G′- closed 563 
symbol, G′′ -open symbol). 564 
Figure 4. Particle size distribution in gels acidified with GDL or culture.  565 
Figure 5. Coefficient of friction of soy milk gel acidified with GDL or culture at 4 °C.  566 
Figure 6. Cryo-SEM micrographs of soy milk gel acidif ied with GDL (A), EXPRESS CN (B) or 567 
 Parameter EXPRESS CN YFL903 GDL 
Parameters 
from Flow 
curve 
Yield stress τ0 (Pa) 8.92±0.72
b
 15.3±0.7
a
 8.7±0.3
b
 
Consistency coefficient K (Pa s
n
) 4.26±0.20
a
 0.64±0.06
b
 4.7±0.4
a
 
Flow behavior index n 0.50±0.02
b
 0.93±0.02
a
 0.49±0.009
b
 
Area under up curve Aup (1/s. Pa) 5472±323
b
 5961±178
a
 5150±132
b
 
Area difference ΔA (1/s. Pa) 1796±223a 2165±11a 1377±121b 
Apparent viscosity (at 50 s
-1) η50 56±2
b
 66±2
a
 57±1
b
 
Viscoelastic 
parameters 
G', at 1Hz 521±40ab 487±22b 598±28a 
G'', at 1Hz 111±9
ab
 101±5b 137±8a 
Loss tangent (δ), at 1Hz 0.21±0.002b 0.21±0.002b 0.23±0.003a 
Slope of log (G') vs log (frequency) 0.13±0.001b 0.13±0.001
b
 0.14±0.001
a
 
Slope of log (G'') vs log (frequency) 0.15±0.002
ab
 0.14±0.003b 0.15±0.005a 
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YFL-903 (C). Scale bars in the images are 10 µm. Arrows: sps, soy protein strands; spa, soy 568 
protein aggregates. 569 
 570 
Graphical abstract 571 
 572 
Highlights 573 
 Both acidification rate and type of culture affect soy milk acid gels  574 
 Earlier gelation and higher gelation pH was induced by GDL than cultures  575 
 EPS enhanced the lubricity, gel firmness and water holding capacity of the 576 
gels 577 
 The GDL gel was more comparable with fermented gels by 578 
non/low-EPS-producing cultures 579 
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